Emphysema is characterized by enlargement of the alveoli, which is the most important parameter to assess the presence and severity of this disease. Alveolar enlargement is primarily defined on morphological criteria, therefore characterization of this disease with morphological parameters is a prerequisite to study the pathogenesis. For this purpose, different methods of lung fixation were evaluated in a murine model of LPS-induced lung emphysema. Five different methods of lung fixation were evaluated: intratracheal instillation of fixatives, in situ fixation, fixed volume fixation, vascular whole body perfusion and vacuum inflation. In addition, the effects of three different fixatives (10% formalin, Carnoy's and agarose/10% formalin solution), and two embedding methods (paraffin and plastic) were investigated on the murine lung morphology. Mice received intranasal administration of LPS to induce alveolar wall destruction. Quantification of airspace enlargement was determined by Mean Linear Intercept (Lm) analysis and the histological sections were analyzed for the most optimal fixation method. Additionally, a routine immunohistological staining was performed on lung tissue of PBS-treated mice. Intratracheal instillation of formalin or agarose/formalin solution, in situ fixation and fixed volume fixation provided a normal lung architecture in contrast to the lungs fixed via whole body perfusion and vacuum inflation. Formalin-fixed lungs resulted in the most optimal lung morphology for lung emphysema analysis when embedded in paraffin, while for Carnoy's-fixed lungs plastic embedding was preferred. The histological findings, the Lm measurement and the immunohistochemistry data demonstrated that fixation by intratracheal instillation of 10% formalin or in situ fixation with 10% formalin are the two most optimal methods to fix lungs for alveolar enlargement analysis to study lung emphysema.
Introduction
Emphysema is a pulmonary disease characterized by abnormal permanent enlargement of the air spaces accompanied by destruction of the alveolar walls. This parenchymal destruction leads to the loss of elastic recoil and hyperexpansion, which contributes to airflow limitation (30, 31) . Lung emphysema is included in a group of diseases called chronic obstructive pulmonary disease (COPD), which is associated with poorly reversible airflow limitation that is usually both progressive and related to an abnormal inflammatory response of the lung (18) . Cigarette smoking is the primary risk factor for the development of lung emphysema (20) . Enlargement of the alveoli is considered to be the most important parameter to assess the degree of emphysema. Alveolar enlargement is primarily defined on morphological criteria, therefore characterization of this disease with morphological parameters is a prerequisite to study the pathogenesis (23). Many methods have been developed to assess the presence and severity of lung emphysema, of which the mean linear intercept (Lm) analysis, has been most widely accepted. The Lm is defined as a measure of the mean distance between the alveolar walls and has been shown to increase with disease severity (28, 29) . The method of lung fixation is the basis for the subsequent stages in the preparation of the lung sections necessary for the diagnosis of emphysema. Therefore, it is essential that the fixation method is effective and that the appropriate fixative is used (15) . However, problems arise when lung tissue must be prepared for morphometric analysis, since the volume of an inflated lung consists of 90% air and 10% tissue (36) . During lung fixation it is important to prevent collapsed, deflated and disrupted lung structures and to avoid fixation artefacts, which could lead to the suggestion of alveolar wall thickening, hypercellularity, change in shape or volume and blood in the lungs (33). Otherwise a correct morphological analysis of the lung tissue is not possible. Besides the lung fixation method, an appropriate embedding procedure is essential for tissue preservation. Meaningful interpretation of the lung histology can only be obtained if alterations in structures within the tissue are at least kept to an absolute minimum (11). For this purpose, different methods of lung fixation have been evaluated in a murine model of LPS-induced lung emphysema: 1) intratracheal instillation of fixatives, 2) in situ fixation, 3) fixed volume fixation, 4) vascular whole body perfusion and 5) vacuum inflation. Moreover, the effects of three different fixatives (10% formalin, Carnoy's and agarose/10% formalin solution) have been investigated on the murine lung morphology. Additionally, paraffin-embedded lung tissue was compared with the mice lungs embedded in plastic. The usefulness of the different lung fixation methods was validated by morphometric analysis, evaluating the Lm and by immunohistochemistry. In this study, as well the advantages as the disadvantages of each method are described and the most optimal fixation method for the use in murine lung studies is recommended.
2.
Material and methods
Animals
Male Balb/c mice, 5-6 weeks old were obtained from Charles River Laboratories and housed under controlled conditions in standard laboratory cages in the animal facility.
They were provided free access to water and food. All in vivo experimental protocols were approved by the local Ethics Committee and were performed under strict governmental and international guidelines on animal experimentation.
Induction of lung emphysema
To induce lung emphysema, mice were repeatedly challenged with LPS (5μg/50μl/mouse) (Sigma-Aldrich, Zwijndrecht, the Netherlands) twice a week for a period of 8 weeks. LPS, or control fluid (PBS, 50 μl/mouse) were administered intranasally to the animals, which were anesthetized by isoflurane inhalation. After 8 weeks of treatment, there was a recovery period of 2 weeks to eliminate the direct effects of LPS administration.
Fixatives
The three fixatives used in this study were: a formaldehyde, 10% formalin (Baker BV, Deventer, the Netherlands), an alcohol-based fixative, Carnoy's and an agarose/10%
formalin solution. The fixative Carnoy's consisted of 60% absolute ethanol (Merck, Darmstadt, Germany), 30% chloroform (Biosolve, Valkenswaard, The Netherlands) and 10% acetic acid (Merck, Darmstadt, Germany). The agarose/10% formalin solution consisted of low gelling temperature agarose (Bio-rad Laboratories, Hercules, USA) in a concentration of 0.75 gm % (grams per 100 ml fluid), which was dissolved in 10% formalin by heating in a microwave until clear and was kept in a water bath of 45°C until use.
Lung fixation methods: intratracheal instillation of fixatives.
Mice were sacrificed by an i.p. injection with an overdose of pentobarbital (Nembutal™, Ceva Santé Animale, Naaldwijk, The Netherlands). The animals were exsanguinated by cutting the caudal vena cava to prevent the flow of blood into the bases of the lungs. A cannula was inserted into the trachea and fixed with a ligature.
Lungs and heart were removed en bloc and lungs were inflated via the cannula by gentle infusion of the fixative 10% formalin, Carnoy's, or agarose/10% formalin solution at a constant fluid pressure of 25 cm for 5 min. After tying off the trachea with a ligature, the lungs were placed in a glass vial containing the corresponding fixative, while the agarose/10% formalin fixed lungs were placed in a glass vial containing 10% formalin and were kept on ice for 1 hour (3, 10, 11, 13, 32, 34, 35).
Lung fixation methods: in situ fixation
Mice were sacrificed as described above (section 2.4.). The animals were exsanguinated by cutting the caudal vena cava to prevent the flow of blood into the bases of the lungs. The trachea was cannulated and the lungs were fixed in situ before opening the thorax via the cannula with 10% formalin at a constant fluid pressure of 25 cm for 5 min (7, 12).
Lung fixation methods: fixed volume fixation
Mice were sacrificed as described above (section 2.4.). The animals were exsanguinated by cutting the caudal vena cava to prevent the flow of blood into the bases of the lungs. A cannula was inserted into the trachea and fixed with a ligature.
The lungs were fixed by gentle infusion of the fixative (10% formalin or Carnoy's) through the cannula by a continuous release pump under pressure and volumecontrolled conditions (12 ml/h; 5 min). This lung fixation method was performed after opening the thorax (6).
Lung fixation methods: vascular whole body perfusion
The mice were anesthetized with three i.p. injections of 0.2 ml of a 10% solution of urethane (Sigma-Aldrich, Zwijndrecht, The Netherlands). When adequately anesthetized, the right jugular vein was cannulated and the caudal vena cava was cut for draining the blood and perfusate. The mouse was flushed with a mixture of saline and heparin (50 U/ml) (Leo Pharmaceuticals, Weest, the Netherlands) by a continuous release pump under pressure and volume-controlled conditions (120 mL/h; 5 min). After 2-3 min the drained fluid ran clear and the fixative 10% formalin was pumped through at a flow rate of 120 ml/h for 5 min to fix the whole mouse (1, 19, 24).
Lung fixation methods: vacuum inflation
Mice were sacrificed as described above (section 2.4.) and were exsanguinated by cutting the caudal vena cava to prevent the flow of blood into the bases of the lungs.
The lungs and heart were removed and were placed in glass vials containing 10%
formalin. The vials were placed in a vacuum dessicator and degassed under vacuum 
Embedding
Carnoy's fixation was continued for at least 4 hours, while lungs in 10% formalin were immersed for at least 24 hours. After rinsing the lungs in 3 changes of 100% ethanol (Sigma-Aldrich, Zwijndrecht, The Netherlands) followed by 70% ethanol, the left lung was embedded in acrylic copolymer consisting of 75 parts of butyl methacrylate, 25
parts of methyl methacrylate (Fluka, Buchs, Switzerland) and 0.8% organic stabilised dibenzoylperoxide (Lucidol CH 50-L; Akzo Nobel Chemicals, Emmerich, Germany).
The polymerisation was pre-activated by the addition of 0.5% N,N-dimethyl-ptoluidine (Merck, Hohenbrunn, Germany) to the monomer solution. After polymerisation, sections of 3 μm were cut at 300, 600, 900 and 1200 μm depth in dorsal ventral plane. The sections were placed on poly-L-lysine (Sigma Aldrich, Zwijndrecht, The Netherlands) coated glass slides and de-plasticised using acetone (Merck, Darmstadt, Germany).
The right lung was embedded in paraffin (Stemcowax, Adamas Instruments, Rhenen,
The Netherlands) after dehydration in graded ethanol series followed by xylene (Sigma Aldrich, Zwijndrecht, The Netherlands). Subsequently, sections of 5 μm were cut at 200, 400, 600 and 800 μm in dorsal ventral plane. The sections were placed on poly-L-lysine coated glass slides and deparaffinized using xylene and ascending ethanol series. All the sections were stained with haematoxylin & eosin (H&E) according to standard methods and were dehydrated in graded ethanol concentrations and xylene before mounted with DePeX (Serva, Heidelberg, Germany) and coverslipped.
Mean linear intercept (Lm) analysis
Morphometric assessment of emphysema, included determination of the average inter-alveolar distance, was estimated by the mean linear intercept (Lm) analysis.
The Lm was determined by light microscopy at a total magnification of 100x, whereby 24 random photomicroscopic images per lung tissue section (6 images per depth)
were evaluated by microscopic projection onto a reference grid. By dividing total grid length by the number of alveolar wall-grid line intersections, the Lm (in µm) was calculated (29).
Immunohistochemistry
Paraffin sections were deparaffinized in xylene and plastic sections were deplasticized in acetone before the endogenous peroxidase activity was blocked with microscope equipped with a Leica DFC 320 digital camera.
Right ventricular hypertrophy measurement
The right ventricle was removed from lower heart after removal of the atria. The right ventricle and the left ventricle plus septum were weighed and the ratio of the weights was calculated as follows: (right ventricle)/(left ventricle + septum) (32, 34).
Statistical analysis
Experimental results are expressed as mean ± S.E.M. Differences between groups were statistically determined by an unpaired two-tailed Student's t-test using GraphPad Prism (Version 4.0). Results were considered statistically significant when P < 0.05.
Results

Differences between the morphology of 10% formalin-fixed lungs and
Carnoy's-fixed lungs.
Before investigating the effect of the different fixation techniques, the two fixatives Especially the Carnoy's-fixed lungs fixed via the fixed volume technique demonstrated enlarged alveoli compared to the other PBS-treated lungs fixed. All these fixed lungs were embedded in paraffin.
Increased Lm after LPS exposure in lungs fixed via intratracheal instillation of 10% formalin and embedded in paraffin.
The mean linear intercept was used to quantify the presence of emphysema and to compare the size of the alveoli after the use of 10% formalin or Carnoy's fixation (Fig. 2). A significantly increased Lm was observed in the lungs of LPS-treated mice fixed via the intratracheal instillation of 10% formalin compared to the PBS-treated mice.
The Lm of the lungs fixed via intratracheal instillation of Carnoy's was also increased, but not significantly different compared to the control mice. The LPS-treated lungs fixed with 10% formalin or Carnoy's via the fixed volume technique were both not significantly enhanced compared to the control lungs. It was also observed that the mean distance between the alveolar walls in the PBS-treated lungs fixed with Carnoy's via the fixed volume technique was significantly higher compared to the control lungs fixed via the other lung fixation methods. All these fixed lungs were embedded in paraffin.
10% formalin-fixed lungs and Carnoy's-fixed lungs embedded in plastic or
paraffin.
Two embedding procedures: paraffin and plastic were compared in PBS-treated lungs fixed via the intratracheal instillation of 10% formalin or Carnoy's (Fig.3) . As already described before, the 10% formalin fixation via intratracheal instillation embedded in paraffin (Fig. 3A ) demonstrated a normal lung architecture without apparent fixation artefacts, but when these PBS-treated lungs were embedded in plastic ( Fig. 3B ) the alveolar walls were slightly enlarged and destructed compared to paraffin embedding. In comparison with the 10% formalin-fixed lungs embedded in paraffin, the Carnoy's-fixed lungs embedded in paraffin (Fig. 3C) show more fixation artefacts, such as enlarged alveoli and disrupted alveolar walls. In contrast, when PBS-treated lungs fixed with Carnoy's were embedded in plastic, these artefactual phenomena were not present and a normal lung architecture was displayed without fixation artefacts (Fig. 3D) .
Increased Lm after LPS exposure in 10% formalin-fixed lungs embedded in paraffin and Carnoy's-fixed lungs embedded in plastic.
The mean linear intercept was used to quantify the presence of emphysema and to compare the size of the alveoli after the use of the two different embedding procedures (Fig. 4) . The increased Lm observed in the lung tissue of LPS-treated mice fixed via the intratracheal instillation of 10% formalin embedded in paraffin was significantly different compared to the PBS-treated mice, while the Lm of the LPStreated lungs fixed with 10% formalin embedded in plastic was not significantly increased. The LPS-treated lungs fixed with Carnoy's embedded in paraffin showed an increase in Lm, but this was not significantly different compared to the control animals. When the LPS-treated lungs fixed with Carnoy's were embedded in plastic the Lm was significantly elevated compared to the PBS-treated animals.
Differences in lung morphology after various lung fixation techniques.
Comparison of the PBS-treated lungs fixed with 10% formalin or agarose/10%
formalin solution via the different lung fixation methods embedded in paraffin reveals different images (Fig. 5) . First, control mice lungs fixed via the intratracheal instillation with 10% formalin (Fig. 5A ) demonstrated a normal lung morphology with normal, curled alveoli, without fixation artefacts such as collapsed parenchymal tissue, hypercellularity and alveolar wall thickening. This was also observed for the PBStreated lungs fixed via in situ fixation (Fig. 5C ), which displayed a normal lung architecture, but the alveoli show a more angular structure. Murine lungs fixed via intratracheal instillation with agarose/10% formalin solution (Fig. 5B ) demonstrated also open air spaces, but the alveoli appeared to be slightly enlarged and the agarose was still visible in the air spaces. The lungs fixed via the fixed volume technique with 10% formalin (Fig. 5D) were comparable with the lungs fixed via intratracheal instillation with 10% formalin, but the alveolar walls were slightly thickened. The lungs fixed via the vacuum inflation (Fig. 5E ) showed disturbed lung architecture and thickening of alveolar walls became evident. Vascular whole body perfusion ( Fig. 5F ) was also not an optimal method for lung fixation, since the alveoli were enlarged, the parenchymal architecture was collapsed, apparent hypercellularity and thickening of the alveolar walls were visible.
Increased Lm after LPS exposure in lungs fixed via intratracheal instillation of 10% formalin and in situ fixation.
All the histological lung sections of the LPS-treated mice fixed via the most optimal lung fixation methods: intratracheal instillation with 10% formalin (Fig. 6A & 6E ), intratracheal instillation with agarose/10% formalin solution (Fig. 6B & 6F) , in situ fixation ( Fig. 6C & 6G ) and fixed volume fixation (Fig. 6D & 6H) showed a visible alveolar enlargement (Fig. 6E, F Moreover, not all the nonciliated cells lining the terminal bronchioles throughout the lung were stained and the staining intensity showed large differences between the animals. In some lung slices we observed no staining at all. When these Carnoy'sfixed lungs were embedded in paraffin the DAB staining intensity was slightly increased and the variation in staining intensity between animals was decreased compared to the plastic-embedded lungs (Fig. 8B ). In comparison with the Carnoy'sfixed lungs embedded in plastic, the 10% formalin-fixed lungs embedded in plastic (Fig. 8C) showed an increase of the DAB intensity, however there was still a difference in staining intensity between the animals. In the 10% formalin-fixed lungs embedded in paraffin the intensity of the DAB reaction product in the Clara cells was markedly increased compared to the other fixation and embedding procedures (Fig.   8D ). Additionally, all the nonciliated cells lining the bronchioles throughout the lung were stained and the lungs of all PBS-treated animals gave a similar result.
Right ventricle heart hypertrophy observed in all LPS-treated animals.
To determine whether the LPS model was effective and caused emphysema-like changes in each group, the right ventricle heart hypertrophy was measured as an indication of the development of lung emphysema. LPS administration twice a week for a period of 8 weeks caused right ventricular heart hypertrophy ( Fig. 9) . The right ventricular mass was proportionally greater than the rest of the lower heart (left ventricle and septum) in all LPS-treated mice compared to the PBS-treated animals.
Discussion
In rodents, alveolar enlargement is the most important parameter to assess the degree of emphysema and is primarily defined on morphological criteria. Therefore, it is essential to conserve the lung architecture, size and connectivity of all air spaces.
For this purpose, different methods of lung fixation were compared in a murine LPSinduced lung emphysema model and the most optimal lung fixation technique was determined. It has to be emphasized that no lung fixation procedure revealed a perfect image of the condition in the living subject, but it is important to retain as close as possible to the in vivo appearance of the lung immediately preceding death to keep the structural alterations at least to a minimum. formalin ex vivo, no remarkable differences were observed in the lung morphology.
The mean linear intercept values of the lung tissue fixed via in situ fixation show less variance and were significantly lower compared to the intracheal instillation method.
Most probably the alveoli are not artificially enlarged, since the lung collapse at autopsy was avoided.
To ensure that the murine lung was not overinflated by fixative instillation, the fixed volume fixation method was also assessed. Since the total lung capacity of the mouse is about 1 ml (14), this volume was used during this technique. Nevertheless, lung tissue during intratracheal instillation was also tested in a pilot experiment (data not shown), but no remarkable differences were observed, therefore the standard 25 cm fluid pressure was used during this study. To our knowledge, the most widely accepted fluid pressure is 25 cm, since this pressure is used in several studies for lung emphysema measurement (4, 13, 22, 25, (32) (33) (34) .
In order to preserve the alveoli in their natural state without any pressure, lung fixation by vascular perfusion is another option for lung fixation (9) .The morphometrical results obtained in the study of deFouw (8) Besides the different methods of lung fixation, the choice of the fixative is also a major consideration in view of investigating the most optimal lung fixation procedure.
In this study, we compared a formaldehyde-containing fixative, 10% formalin, an alcohol-based fixative, Carnoy's and an agarose/10% formalin solution. 10%
formalin, a non-coagulating fixative, is the gold standard of fixatives and widely used for morphometric analysis and routine immunohistochemistry (13, 35) . Formalin preserves mainly peptides and the general structure of cellular organelles. It penetrates the tissue quickly, but fixes slowly (24-48 hours), and usually results in cross-linking of reactive sites on tissue proteins (16, 21, 27) . Most commercially available antibodies have been optimized for formalin in contrast to Carnoy's.
Carnoy's is not as commonly used as 10% formalin and is a coagulating fixative. It may be used to increase the speed of tissue processing, since only 1-2 hours is sufficient to fix the tissue completely (27) .
After paraffin embedding, 10% formalin fixation via intratracheal instillation demonstrated a normal lung architecture, while Carnoy's-fixed lungs showed more fixation artefacts, such as enlarged alveoli and disrupted alveoli. However, when these PBS-treated lungs fixed with Carnoy's were embedded in plastic, these artefactual phenomena were not present and normal lung morphology was displayed.
This was also observed in the Lm values found in these groups, since the Lm values of the lung tissue of LPS-treated animals fixed with 10% formalin and embedded in paraffin and fixed with Carnoy's and embedded in plastic were significantly increased compared to the control animals. When the embedding procedure was changed, an increase in Lm values was determined in the lung tissue of LPS-treated animals compared to the control animals, but this was not significant. From these results, we can conclude that the embedding method is also an important factor in tissue preservation.
Furthermore, the Lm values of the 10% formalin-fixed lungs embedded in plastic
show lower values compared to the Carnoy's-fixed lungs embedded in plastic.
Possibly, this is caused by lung tissue shrinkage after 10% formalin fixation.
However, prolonged fixation in formalin is known to cause shrinkage and hardening of the tissue, but this is also possible for Carnoy's fixation (27) . Shrinkage due to fixation might rarely be interfere with the mean linear intercept analysis measured in vivo, since shrinkage take place in as well the controls as in the treated animals by using the same method. We also used low melting agarose dissolved in 10% formalin as fixative, since agarose has the advantage of being liquid at slightly above room temperature and solid at room temperature, a principle that has been exploited to prevent collapse of alveoli during cryosectioning (3). Unfortunately, as well the histological images as the Lm values of the agarose/10% formalin-fixed lungs were less suitable compared to the 10% formalin-fixed lungs.
The immunohistochemistry results showed a strong and reproducible immunohistological staining against murine CC16 on the 10% formalin-fixed, paraffinembedded lung tissue as compared to the other procedures. This fixative and embedding method also demonstrated a normal lung morphology without apparent fixation artefacts. Nevertheless, this will not conclude that this fixative and embedding method can be recommended for all immunohistological stainings, because there is no standard fixative and embedding method in immunohistochemistry.
Finally, the right ventricle heart hypertrophy was determined in each lung fixation group, to exclude differences in lung emphysema development induced by LPS exposure. In all LPS-treated groups right ventricle heart hypertrophy was observed, suggesting the LPS model was effective. Weathington et al. (32) also found right ventricle heart hypertrophy in LPS-treated animals.
Conclusion
In summary, the histological photomicrographs and the Lm measurement data presented here, demonstrate that intratracheal instillation of formalin or agarose/formalin solution, in situ fixation and fixed volume fixation provided a normal lung architecture in contrast to the lungs fixed via whole body perfusion and vacuum inflation. Formalin-fixed lungs resulted in the most optimal lung morphology for lung emphysema analysis when embedded in paraffin, while for Carnoy's-fixed lungs plastic embedding was preferred, which resulted in a normal lung architecture without fixation artefacts. The immunohistochemitry results showed the most optimal CC16 staining in the 10% formalin-fixed paraffin-embedded lung tissue. Lung fixation by intratracheal instillation of 10% formalin or in situ fixation with 10% formalin embedded in paraffin are the most optimal lung fixation methods, which are sensitive to reveal the presence of alveolar enlargement to study lung emphysema and are appropriate to perform immunohistochemistry. All these fixed lungs were embedded in paraffin. n = 5 animals per group.
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